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0-12 months) were hypotonia, developmental delay, and/or oculogyric crises.
Oculogyric crises were present in 97% of patients aged 2 to 12 years, occurred
in the majority of patients in all age groups, and tended to be most severe dur-
ing early childhood. Prominent non-motor symptoms were sleep disturbance,
irritable mood, and feeding difficulties. The majority of subjects (70%) had pro-
found motor impairment characterized by absent head control and minimal
voluntary movement, while 17% had mild motor impairment and were able to
walk independently. Dopamine agonists were the medications most likely to
produce some symptomatic benefit, but were associated with dose-limiting side
effects (dyskinesia, insomnia, irritability, vomiting) that led to discontinuation
25% of the time. The age distribution of our cohort (70% of subjects under age
13 years) and the observation of a greater proportion of patients with a more
severe disease phenotype in the younger compared to the older patients, both
suggest a significant mortality risk during childhood for patients with severe

disease.

KEYWORDS

1 | INTRODUCTION

Aromatic 1-amino acid decarboxylase deficiency
(AADCD) is a rare, autosomal recessive, neurometabolic
disorder characterized by impaired synthesis of the cate-
cholamines (dopamine, epinephrine, and norepineph-
rine) and serotonin. AADCD typically presents in infancy
with hypotonia, oculogyric crises, and developmental
delay. Mood and sleep disturbance, autonomic dysfunc-
tion, and intellectual disability are additional disease fea-
tures. Since the initial description of the condition' over
135 patients with this disorder have been described in the
medical literature.”

The majority of published case reports and case
series focus on presenting clinical, biochemical and
genetic disease features. Unanswered questions remain
about symptom evolution, the full spectrum of develop-
mental outcomes, and mortality. In Taiwan, where
there is a higher disease prevalence due to the presence
of a founder mutation in the population,® patients have
an almost uniformly severe disease course with pro-
found motor impairment* and high risk of death in
early childhood.” Internationally, the majority of
reported patients have severe symptoms and motor dis-
ability, but patients with mild disease and more favor-
able response to medical treatment have also been
described.®®

Most patients with AADCD experience limited ben-
efit from currently available medical therapies.” Gene
therapy for this disorder is under investigation using

dystonia-parkinsonism, gene therapy, natural history, neurotransmitter disorders, rare diseases

two different stereotactic neurosurgical approaches to
deliver gene vector either to the putamen®'®!' or the
midbrain (ClinicalTrials.gov Identifier: NCT02852213).
In the context of new methods for early diagnosis
already implemented in some newborn screening pro-
grams'? and these prospective novel therapeutic oppor-
tunities, an improved knowledge of the natural history
of the disease, modified by available medical treat-
ments, is critical.

The objective of this study is to describe the initial
symptoms, symptom course, treatment response, and
developmental outcomes in a large international cohort
of patients with AADCD.

2 | METHODS

We created a written questionnaire to collect data about
disease onset, symptom course, developmental outcome,
and mortality (see Supporting Information). Participants
were recruited via two sources: (1) The International
Working Group of Neurotransmitter-Related Disorders
(iNTD) patient registry, which includes collaborating phy-
sicians from 32 centers in North America, Europe, and
Asia'*; and (2) The AADC Research Trust, a parent-run
foundation based in the United Kingdom. For participants
recruited via the iNTD, the questionnaire was included as
a module of the working group's de-identified online reg-
istry and was completed by the physician and/or parent/
caregiver. For participants recruited via the AADC Trust,
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an online English-language version of the questionnaire
was created using REDCap and was completed by a par-
ent/caregiver. Families received an email invitation from
the AADC Trust with a link to participate in the REDCap
survey. Translations of the questionnaire were available
in multiple languages to facilitate participation by non-
English speaking families. Participation was voluntary,
and responses were anonymous. Limited demographic
information (subject month and year of birth; country of
residence) was collected to permit identification of poten-
tial duplicate responses. Questionnaires were completed
by physicians and caregivers between December 2015 and
October 2018.

If a respondent did not answer any questions for a
given section of the questionnaire, they were excluded
from that section's analysis. The total number of respon-
dents for each section is indicated in the Results
section below.

Permission to use items from Your Child’s Usual Way
of Moving Around to assess functional mobility was
granted by Robert Palisano, CanChild Centre for Child-
hood Disability Research, McMaster University, Hamilton,
Ontario, Canada.

This study was approved by the Human Research
Protection Office of Washington University School of
Medicine (protocol 201801179) and the local ethics com-
mittee of the University Hospital Heidelberg (iNTD coor-
dinating center, application S-471/2014).
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3 | RESULTS

3.1 | Subject characteristics

Completed questionnaires were received on behalf of
64 individuals with AADCD, comprised of 24 responses
through the iNTD registry, and 48 through the AADC
Research Trust (response rate 66% (48/73). Data was com-
bined for eight participants for whom we received responses
through both recruitment channels. One subject was
excluded due to prior participation in a gene therapy clini-
cal trial. The final number of participants included for anal-
ysis was 63 (38 female, 60%). Fifty-eight (58) of the
63 subjects were living at the time of questionnaire comple-
tion, and 5 were deceased.

Subjects’ ages at time of questionnaire completion
(or death, when applicable) ranged from 6 months to
36.8 years (median 7 years) (Figure 1A). Participants origi-
nated from 23 different countries in Europe (n = 27, 43%),
North America (n = 16, 25%), Asia (n = 12, 19%), South
America (n = 4, 6.5%) and the Middle East (n = 4, 6.5%).

3.2 | Initial symptoms

The median age of onset of initial symptoms was

3 months (range: 0-12 months), and was <6 months in
all but three subjects. Latency from symptom onset to
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Subject age distribution and latency to diagnosis. A, Subject age ranged from 6 months to 36 years. There is a skew toward

younger age (48% of subjects younger than 6 years, 70% younger than 13 years). B, Latency from symptom onset to diagnosis has decreased
in the past decade; most subjects over age 10 years experienced a delay of years between symptom onset and diagnosis
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diagnosis varied considerably, and tended to be longer in
subjects older than age 10 years (8 months to 31 years
n 17) compared to those age <10 years (mean
+ SD = 0.9 £ 0.7 years) (Figure 1B).

The most commonly reported initial symptoms were
hypotonia (75%), oculogyric crises (62%), developmental
delay (62%), and feeding problems (54%) (Figure 2A).

(A) Initial Symptoms
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Non-motor symptoms were also prominent, including
sleepiness (50%), irritability (44%), excessive sweating
(44%), and nasal congestion (42%). (n = 52) (Figure 2A).
Initial misdiagnosis with epilepsy and/or a history treat-
ment with anti-epileptic medication prior to confirmation
of the diagnosis of AADCD was reported for 14/52 sub-
jects (27%), which is likely an underestimate.
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FIGURE 2 Motor and non-
motor symptoms. A, Reported
prevalence of initial symptoms

(n = 52). B-F, Reported prevalence of
current non-motor Symptoms across
age groups (n = 51). Major (dark
gray): frequent and/or severe, with
significant impact on comfort or
function; Minor (light gray): minor
and/or infrequent
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3.3 | Non-motor symptoms for 6 to 12 year-olds (15/16), and 50% of respondents

for those over 12 years old (8/16) cited ages ranging
Respondents were asked to classify each of a standard list of ~ from infancy to age 5 years.
symptoms as either “major,” (frequent and/or severe) In a more detailed cross-sectional analysis (n = 42)
“minor,” (infrequent and/or mild) or “absent” across differ- of the presently experienced characteristics of oculogyric
ent ages. A cross-sectional analysis of symptoms for each crises in younger subjects (age < 6 years) vs older sub-
subjects’ current age was performed (n = 51, Figure 2B-F).  jects (age > 6 years), younger patients were more likely
Insomnia was present in 86% of subjects aged 2 to 12 years to experience OGC episodes over 4 hours in duration
(24/28), characterized as a major problem in 50% of chil- (84% vs 43%), and to have episodes at least three times
dren in this age range (Figure 2B), while excessive sleepi- per week (55% vs 33%) (Figure 3B,C). A subset of
ness was more prominent in subjects under age 2years  patients (n = 38) provided further details about episode
(Figure 2C). Irritability was reported in 85% of children severity. Across all ages, the majority (29/38, 76%)
aged 6-12 years, and over 40% of subjects in all other age experienced episodes characterized by dystonia of the
groups (Figure 2D). Excessive sweating was reported in all ~ trunk and/or limbs in addition to ocular deviation,

children under age 2 years, and classified as a major symp-  while 9/28 (24%) experienced symptoms limited to the
tom in approximately 40% of subjects from infancy through head and neck region only (eye deviation with or with-
age 17 years (Figure 2E). out involuntary movements of the lower face and head

turning). A Mann-Whitney test indicated that the
group with whole-body dystonic episodes was signifi-
3.4 | Oculogyric crises cantly younger (median age 5.2, range 1.3-19.7 years)
than the group with symptoms limited to the head and
Oculogyric crises (OGC) are episodes characterized by neck (median age 10.4, range 4.3-26.1 years)
involuntary eye deviation that may be accompanied by  (Z = 2.232, P = .026). Taken all together, these features
involuntary movements of the face, neck, trunk, or suggest an association between more frequent, pro-

limbs. Severe OGCs may cause whole body dystonia. longed and severe OGCs and younger age in this
The occurrence of OGCs in the present, past, or both, cohort.
was reported by 98% of subjects (56/57). OGCs were a Five (5) of 17 subjects aged >13 years do not presently

present symptom in the majority of subjects across all experience OGCs. Four (4) of these 5 subjects have a mild
age groups. Episodes were particularly prevalent in phenotype characterized by the ability to walk indepen-
those age 2 to 12years (97%, 30/31), and were less dently. Therefore, the reduced prevalence of OGCs in
prevalent in patients over 18 years (60%, 6/10) adolescents and adults may be attributable either to older
(Figure 3A). When asked to retrospectively state the age, milder disease phenotype (see “Developmental and
age at which OGCs had been the most problematic (fre- Functional Outcome” below), or a combination of these
quent, severe, and/or prolonged), 94% of respondents  factors.
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FIGURE 3 Oculogyric Crises (OGC). A, Reported current prevalence of OGC's across age groups (n = 57): 91% of subjects under
18, 60% of subjects over 18. B and C, OGC duration and frequency, respectively, in younger (age < 6 years, dark gray) vs older

(age > 6 years, light gray) subjects. Over 80% of younger subjects experienced prolonged episodes (> 4 hours duration), and the majority
experienced episodes at least three times per week
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3.5 | Developmental and functional
outcome
3.5.1 | Motor development

Forty-nine (49) respondents for subjects >12 months
in age (range 1-36 years) reported information about
attainment of motor developmental milestones. Head
control was reported in 33% (16/49), and independent
sitting and walking was reported in 22% (11/49). All
11 subjects who could sit independently could also
walk; there were none who reported the ability to sit
only. Motor function differed notably across age
groups in this cohort: younger subjects had more
severe motor impairment than older subjects. None of
the 19 subjects under 6 years of age could sit or walk
independently. In contrast, 4/14 subjects (29%) aged
6-12 years, and 7/16 subjects (44%) over age 12 years
could sit and walk. This does not reflect simply a
delay in the attainment of walking, since all but one
of the 11 subjects who could walk had gained the
ability before age 6 years (range 22 months-7 years).
Rather, the data suggest that a greater proportion of
the older patients in this cohort had a milder disease
phenotype.

An early regression in motor or developmental skills
was reported in 15/63 patients (24%), typically occurring
during infancy at the onset of oculogyric crises and other
disease symptoms. The most commonly described lost
skill was the ability to feed by mouth (n = 8). Others
were loss of head control or other early motor skills such
as rolling (n = 6), and speech (n = 2).

Feeding difficulties were common, reported in 75% of
respondents (40/53) as either a past or current problem.
Swallowing difficulties and vomiting were the most fre-
quent problems reported (43% and 26%, respectively). In
this cohort, 45% of subjects (24/53) had a gastrostomy
tube placed for feeding.

3.5.2 | Activities of daily living and
adaptive behavior

Functional independence for routine activities of daily
living including mobility, feeding, bathing, and dressing
was analyzed for 38 subjects age 5years and older.
Respondents classified 11% (4/38) as completely indepen-
dent, 18% (7/38) as partially independent, and 71%
(27/38) as completely dependent. Of 29 subjects age 5 to
18 years, 62% (18/29) attended school. Of 8 young adults
over age 18years, 2 participated in work outside
the home.

3.6 | Molecular genetic results and
genotype-phenotype correlation

Molecular genetic data was known for 43 subjects, 11 of
whom carried 14 variants that were not previously
reported (Table 1). Overall, 71% of variants were classi-
fied as missense, 19% as splice site, 8% as frameshift, and
1% as nonsense. The most frequent variant was the
known common splice site variant, 714+4A>T (15% of
alleles in this cohort), which was detected in either
homozygous (n = 3) or compound heterozygous (n = 7)
form in 10 patients of southern Chinese ethnicity.

Each subject's motor phenotypic severity was broadly
classified based on responses to questions about mobility
and development (mild: able to walk independently with-
out an assistive device; severe: minimal or no attainment
of developmental milestones; moderate: intermediate;
Table 1). Nine (9) of the 43 subjects with known genotype
had a mild motor phenotype. These nine individuals all
carried compound heterozygous variants that included at
least one missense variant. Specific variants that were
detected only in patients with mild or moderate pheno-
typic severity were: c.367G>A (p. G123R), c.446G>C
(p. S149T), c.734 C>T (p. T2451), c.853C>T (p. R285W),
c.876G>A (p. E292E), and c.1337T>C (p. L446P).

3.7 | Treatment

Fifty-nine (59) respondents answered questions about
observed benefits and side effects of medications. Pyri-
doxine was the most commonly tried medication (78%,
46/59), but only 3/46 respondents (7%) reported notice-
able improvement (“increased energy” in all cases). No
significant side effects were reported.

At least one dopamine agonist (DA) was tried by
83% of subjects (49/59), including bromocriptine (46%,
27/59), pramipexole (41%, 24/59), rotigotine (12/59,
20%), and ropinirole (14%, 8/59). The DA most com-
monly reported to be beneficial was the rotigotine
patch, judged to be beneficial in 82% of those who had
tried it (10/12). Reported rates of benefit among the
other DA's were 29% for pramipexole (7/24), 26% for
bromocriptine (7/27), and 13% for ropinirole (1/8). The
most commonly described benefits (by caregivers who
volunteered additional details) were improvements in
tone or spontaneous movements, improved alertness,
and decreased oculogyric crises. However, caregivers
reported adverse effects in association with all DA's:
30% with bromocriptine, 38% with pramipexole, and
50% with rotigotine and ropinirole. Dyskinesia and
insomnia were the two most commonly reported side
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TABLE 1 Patient demographics and genotype
Geographic
ID Age (y) Sex region Allele 1 genotype Allele 2 genotype
1 8 F North America  ¢.179T>C (p.V60A) 714+4A>T
2 26.1 M Europe c.476C>T (p. A159V) ?
3 6.6 F North America
4 10.9 M Europe ¢.73G>A (p.E25K) c.1073G>A (p. R358H)
5 15 M North America
6 4 M North America
7% 18.5 F North America  ¢.140C>A (p. P47H) Homozygous
8 8.8 M North America
9 7.3 M South America  ¢.1040G>A (p. R347Q) Homozygous
10 3.7 M Middle East
11 6.7 M Europe
12 2.1 M North America  ¢.19C>T (p. R7%) ¢.214C>T (p. H72Y)
13 21° F North America
14 1.6 F South America  ¢.330_334dupCGATC (p.Q112fs*13) = Homozygous
15 4.3 M Europe ¢.231C>A (p. F77L) Homozygous
16 3.9 F North America  ¢.286G>A (p. G96R) ¢.665T>C (p. L222P)
17 25° F Asia
18 41 F Europe ¢.323G>A (p. S108N) c.1041+1G>C
19 5.2 F North America ~ 7144+4A>T Homozygous
20 24° F Europe
21 53 F Europe ¢.73G>A (p. E25K) ¢.315G>C (p. W105C)
22 12.5 M Europe ¢.782G>T (p. C261F) ¢.1060G>A (p. G354S)
23 14 F Middle East
24 16.7 F Middle East ¢.242C>T (p. P81L) Homozygous
25 10.7 F North America
26 8.5 M South America  ¢.568_569insCGAT (p. Q190Pfs) c.1040G>A (p. R347Q)
27 0.8 M South America
28 11.9 F Middle East ¢.1040G>A (p. R347Q) Homozygous
29 7.9 F Europe ¢.139C>G (p. P47A) ?
30 24.2 F Europe ¢.367G>A (p. G123R) c.8376G>A (p. E292E)
31 4 M North America
32 7P M North America
33 5 M Europe
34 1.3 M Europe ¢.73G>A (p. E25K) .624delC (p. 1209Sfs*26)
35 13.1 M Europe ¢.367G>A (p. G123R) c.876G>A (p. E292E)
36 9 M Europe ¢.1A>G (p. M1V) ¢.181G>A (p. E61K)
37 13° F Europe
38 14.8 M Europe ¢.1073G>A (p. R358H) Homozygous
39 34 M Asia 714+4A>T Homozygous
40 3.8 F Asia 714+4A>T €.1234C>T (p. R412W)
41 14 F Asia .179T>C (p. V60A) ¢.1234C>T (p. R412W)

WILEY_| 2

Motor phenotypic
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(Continues)
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TABLE 1 (Continued)
Geographic

ID Age (y) Sex region Allele 1 genotype
42 3.3 F Asia 7144+4A>T
43 32 F Asia ¢.106G>A (p. G36R)
44 4.6 F Asia ¢.170A>G (p. I57T)
45 2 M Asia ¢.106G>A (p. G36R)
46 1 F Asia 7144+4A>T
47 10.1 F Europe ¢.206C>T (p. T69M)
48 25.4 F Europe ¢.206C>T (p. T69M)
49 5.7 F Europe ¢.260C>T (p. P87L)
50  19.7 F Europe ¢.214C>T (p. H72Y)
51 1.5 F Europe ¢.2014+5G>C
52 8.8 F Europe ¢.367G>A (p. G123R)
53 0.5 F Europe
54*  36.8 F Europe ¢.105delC (p. Y37T fs*5)
55 15 M Europe ¢.843C>G (p. C281W)
56 0.5 F Europe ¢.322A>C (p. S108R)
57 0.8 M Europe
58* 182 M Asia
59? 25.4 F Asia 714+4A>T
60? 22.7 F Asia 7144+4A>T
61 14.2 F North America  ¢.260C>T (p. P87L)
62 43 F North America  ¢.260C>T (p. P87L)
63 10.4 M North America

Note: Novel variants are italicized.
*Previously published cases: 7%6; 5017; 545; 581%; 59 t0 60.%
*Deceased.

Motor phenotypic
Allele 2 genotype severity®
c.1297dupA (p. I433Nfs*60)  Severe
714+4A>T Severe
¢.1234C>T (p. R412W) Severe
714+4A>T Severe
Homozygous Severe
1337T>C (p. L446P) Mild
c.439A>C (p. S147R) Severe
¢.799T>C (p. W267R) Severe
Homozygous Severe
Homozygous Moderate
¢.734C>T (p. T2451) Mild
Severe
¢.710T>C (p. F237S) Mild
¢.1085T>C (p. M362T) Mild
¢.812A>T (p. D271V) Severe
Moderate
Moderate
¢.853C>T (p. R285W) Mild
¢.853C>T (p. R285W) Mild
.446G>C (p. S149T) Mild
c.446G>C (p. S149T) Moderate
Severe

“Phenotypic severity: mild = able to walk independently; severe = minimal or no attainment of developmental milestones;

moderate = intermediate.
*Denoting a nonsense variant in the gene.

effects (27% and 14%, respectively), followed by
vomiting and irritability. These adverse effects were
reported at similar frequencies across all the DA's, and
prompted discontinuation of the medication in 25% of
subjects.

A trial of therapy with at least one monoamine oxidase
inhibitor (MAO-I) was reported in 62% of subjects (37/59):
either selegiline (n = 20), tranylcypromine (n = 11), or both
(n = 6). Beneficial effects were reported in 35% for selegiline
and 18% for tranylcypromine (better alertness, improved
tone or spontaneous movements). The reported frequency
of side effects was lower for both medications than was
reported for any DA (27% for selegiline, 6% for
tranylcypromine), and the most commonly described side
effect was insomnia. Side effects led to discontinuation of
the medication in a small proportion of subjects (12% for
selegiline, 6% for tranylcypromine).

3.8 | Mortality

The parents of five individuals who had died responded
to the survey. Ages of death were 2 years (n = 2), 7 years,
13 years, and 21 years, respectively. Causes of death
reported by parents were pneumonia (n = 2), acute com-
plications during an OGC (n = 2), and “myocardial
infarction” (n = 1).

4 | DISCUSSION

This retrospective analysis of disease-related symptoms
and developmental outcome in an international cohort of
patients, aged 6 months to 36 years, revealed that
AADCD is associated with a variety of complex motor
and non-motor symptoms throughout the lifespan,
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including oculogyric crises, sleep disorder, mood distur-
bance, gastrointestinal symptoms, and autonomic dys-
function. It also confirmed that, while the majority of
currently diagnosed patients have profound motor devel-
opmental impairment, some (20% of patients over age
12 months in this cohort) have milder motor impairment
and the ability to walk independently.

Symptom onset occurred in early infancy, almost
always within the first 6 months. The most commonly
reported initial symptoms were hypotonia, oculogyric cri-
ses, delayed motor development, and feeding difficulties,
consistent with previous descriptions in the literature.?
The most prominent non-motor symptoms were sleep
disturbance and irritability, both of which typically
emerge during infancy, but are experienced by patients of
all ages. The sleep disturbance seems to evolve with age:
infants have excessive sleepiness, while many children
and adolescents exhibit prominent insomnia.

Our findings confirm that OGCs are a near-universal
disease feature, and that they occur in the majority of
patients of all ages. In our cohort, they were most preva-
lent (97%) in children between ages 2 and 12 years. Epi-
sodes were reported to peak in duration, frequency and
severity before age 6 years in many patients. Indeed, epi-
sodes lasting longer than 4 hours were typical for 80% of
subjects under age 6 years. Of note, for 2 of the deceased
subjects, parents reported an OGC as the apparent proxi-
mate cause of death, highlighting that OGCs represent not
only a weekly burden of hours of symptom management,
but may also have the potential to be life-threatening.

Our results provided additional insight into patients'
experiences with medications, previously described to be
of limited benefit for most patients.>° Pyridoxine was
well-tolerated, but not clearly observed to be beneficial.
Dopamine agonists, particularly rotigotine, were associ-
ated with observed benefits in tone, movement, alertness,
and OGCs, but side effects including dyskinesia, insom-
nia, irritability, and vomiting were dose-limiting, leading
to discontinuation of the medication about 25% of the
time. MAO-inhibitors were associated with a lower rate
of side effects than DAs, but were also reported to be ben-
eficial in only a minority of subjects.

Among the genotypes of our subjects were 14 novel
variants (base upon the recent review by.'* Those novel
variants were associated with a severe phenotype in all
but one subject with a mild phenotype who had the het-
erozygous novel c.734C>T (p. T245I) variant and a known
heterozygous ¢.367G>A (p. G123R) variant. In subjects of
southern Chinese ethnicity, the known common c. 714
+4A>T variant was the most frequently detected. A sec-
ond recurrent variant (c.1234C>T; p.R412W), recently
reported in multiple patients of Chinese ethnicity'> was
detected in three subjects in our cohort.

The age distribution of subjects in this study raises ques-
tions about survival. Younger subjects outnumbered older
subjects: nearly half were younger than 6 years, and 71%
were younger than 13 years. Furthermore, a significant pro-
portion of the adult patients in our cohort exhibited a
milder disease phenotype than the younger patients, char-
acterized by milder motor impairment and the absence of
oculogyric crises. These observations suggest a significant
childhood mortality risk for patients with severe disease, as
has been previously described for patients in Taiwan.’ Five
families shared information about the end of their child's
life, providing some insight into potential causes of death.
Two of the subjects died of complications of pneumonia,
while the other three suffered an acute life-terminating
event that occurred in the context of an OGC in two cases.

The retrospective nature of this study prohibited precise
analysis of the childhood mortality risk associated with
AADCD. An additional limitation of the study design was
the possibility of under-reporting some disease features due
to partially incomplete responses for some subjects.

Our findings illustrate that AADCD is associated with
severe functional impairment in the majority of patients,
and that prominent non-motor and autonomic symptoms
occur throughout the lifespan. Disease features are
refractory to existing medical therapies, particularly in
severe cases, which motivates the search for novel effec-
tive therapeutic strategies.
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